Abstract. In recent years, catastrophic disasters by massive earthquakes have been increasing in the world, and disaster management is required more than ever. In the case of disasters such as tsunamis, a slight delay in evacuation may deprive evacuees of life. In this article, we formalize the emergency evacuation planning model for evacuation from tsunamis and other disasters based on the idea of the universally quickest flow. We show that there does not always exist a universally quickest flow when the capacity constraint of refuges is taken into account. Therefore, we propose an alternative criterion that approximates a universally quickest flow, and presents an algorithm for finding an optimal flow for this criterion. Numerical experiments are carried out for the evacuation of a local city in Japan where tsunami damages are assumed to occur when a large earthquake occurs in the ocean nearby.
Introduction
In recent years, catastrophic disasters by massive earthquakes have been increasing in the world, and disaster management is required more than ever. For example, in the Tohoku-Pacific Ocean Earthquake that happened in Japan on March 11, 2011, serious damage was caused by a tsunami. Although disaster prevention in civil and architectural engineering fields in Japan has been considered previously mainly from physical aspects, it is difficult to prevent large tsunamis physically. Therefore, disaster prevention from non-physical aspects, such as city planning and evacuation planning, has become more important recently.
A mathematical approach [1] is useful in finding evidence for evacuation planning. The authors have formalized the evacuation planning problem by using the idea of network flow, and have proposed an evacuation model to find the fastest time for complete evacuation of evacuees [2] . In our previous research, minimizing the evacuation time so that all evacuees could be evacuated was the criterion for the evacuation planning. Using this same criterion, let us denote this time by . This problem can be reduced to the quickest flow problem of a given dynamic network. However, in the case of disasters such as tsunamis in which a slight delay in evacuation may deprive evacuees life, we need to minimize not only , the evacuation completion time, but also take into account other criterion that maximizes the number of evacuees who have already been evacuated at an arbitrary time before . The evacuation planning problem with this criterion can be formalized by the socalled universally quickest flow [3] .
In contrast to the quickest flow, the universally quickest flow simultaneously maximizes the cumulative number of evacuees at an arbitrary time until . Although Minieka [3] first proved that the universally quickest flow always exists, the running time of the algorithm for solving this problem was a pseudo-polynomial. Recently, a polynomial time algorithm for solving the problem was proposed by Baumnn and Skutella [4] . When we apply their model to the emergency evacuation problem, we have to consider the capacity constraints of refuges. However, we will show a counterexample in which there does not exist a universally quickest flow in the presence of such constraints. We then propose an alternative criterion, which in some sense approximates a universally quickest flow, and then we present an algorithm for finding an optimal flow with this criterion. Finally, numerical experiments of evacuation planning are carried out in a local city in Japan where tsunami damages are predicted when the Nankai earthquake occurs.
Preliminaries
We denote by and the sets of nonnegative reals and nonnegative integers, respectively. Before explaining our algorithm, we explain the basis of related network flow models.
